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ABSTRACT
It has been claimed that the standard model of cosmology (ΛCDM) cannot easily
account for a number of observations on relatively small scales, motivating extensions
to the standard model. Here we introduce a new suite of cosmological simulations that
systematically explores three plausible extensions: warm dark matter, self-interacting
dark matter, and a running of the scalar spectral index of density fluctuations. Current
observational constraints are used to specify the additional parameters that come with
these extensions. We examine a large range of observable metrics on small scales, in-
cluding the halo mass function, density and circular velocity profiles, the abundance of
satellite subhaloes, and halo concentrations. For any given metric, significant degenera-
cies can be present between the extensions. In detail, however, the different extensions
have quantitatively distinct mass and radial dependencies, suggesting that a multi-
probe approach over a range of scales can be used to break the degeneracies. We also
demonstrate that the relative effects on the radial density profiles in the different ex-
tensions (compared to the standard model) are converged down to significantly smaller
radii than are the absolute profiles. We compare the derived cosmological trends with
the impact of baryonic physics using the EAGLE and ARTEMIS simulations. Significant
degeneracies are also present between baryonic physics and cosmological variations
(with both having similar magnitude effects on some observables). Given the inher-
ent uncertainties both in the modelling of galaxy formation physics and extensions to
ΛCDM, a systematic and simultaneous exploration of both is strongly warranted.
Key words: cosmology: dark matter – cosmology: inflation – software: simulations
1 INTRODUCTION
The current cosmological paradigm describes a universe
which has a matter content that is primarily composed of
collisionless cold dark matter (CDM), a cosmological con-
stant (Λ), and normal baryonic matter (Planck Collabora-
tion XIII 2016). The true nature of dark matter, however,
is still an unsolved problem. Aside from there not yet be-
ing a confirmed direct detection of dark matter, there are
also claimed problems with the current cosmological model
(most commonly abbreviated to the ΛCDM model) on small
scales which could hint at a deviation from CDM. For ex-
ample, three of the most widely discussed issues with this
model are the ‘cusp–core problem’ (Flores & Primack 1994;
Moore 1994), the ‘missing satellites problem’ (Klypin et al.
? E-mail: s.stafford@2014.ljmu.ac.uk
† E-mail: i.g.mccarthy@ljmu.ac.uk
1999; Moore et al. 1999), and the ‘too-big-to-fail problem’
(Boylan-Kolchin et al. 2011). A recent review on these,
along with other apparent small-scale issues identified within
ΛCDM, can be found in Bullock & Boylan-Kolchin (2017).
These issues have fuelled research into alterna-
tives/extensions to the standard model, particularly modifi-
cations to the nature of dark matter. For example, one can
relax the assumption that dark matter is purely collisionless,
allowing instead for a non-negligible self-interaction with a
cross-section that can be constrained by observations. Previ-
ous studies on such self-interacting dark matter (SIDM) sug-
gest it may be able to solve the cusp–core problem (Spergel
& Steinhardt 2000; Yoshida et al. 2000; Dave´ et al. 2001;
Colin et al. 2002; Vogelsberger et al. 2012; Rocha et al. 2013;
Elbert et al. 2015; Kaplinghat et al. 2016), the too-big-to-
fail problem (provided that the self-interaction cross-section
is large enough e.g. Zavala et al. 2013; Elbert et al. 2015),
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and may help to explain the observed diversity of galaxy
rotation curves (Kamada et al. 2017; Creasey et al. 2017).
Another popular extension retains the assumption that
dark matter is collisionless, but invokes a non-negligible
thermal velocity at early times. Termed warm dark mat-
ter (WDM), the associated free-streaming erases small-scale
density perturbations leading to a characteristic cut-off in
the linear matter power spectrum (Bond et al. 1980; Pagels
& Primack 1982; Dodelson & Widrow 1994; Hogan & Dal-
canton 2000; Viel et al. 2005; Abazajian 2006). This leads
to WDM potentially being able to resolve the missing satel-
lites problem due to the suppression of structure with masses
close to the cut-off scale in the matter power spectrum (Col´ın
et al. 2000; Bode et al. 2001; Polisensky & Ricotti 2011;
Lovell et al. 2012; Anderhalden et al. 2013; Bozek et al.
2016; Horiuchi et al. 2016; Bose et al. 2017). Furthermore,
due to the later formation times of haloes in a WDM cosmol-
ogy, haloes tend to have a lower central density which helps
to mitigate the too-big-to-fail problem (Lovell et al. 2012;
Horiuchi et al. 2016; Lovell et al. 2017a). Studies have also
shown that WDM can produce cores in the density profile
of dark matter haloes, however, these are not large enough
to solve the cusp–core problem given current constraints on
the mass of the dark matter particle (Villaescusa-Navarro &
Dalal 2011; Maccio` et al. 2012a; Shao et al. 2013).
An alternative mechanism that can alter small-scale
structure but which treats dark matter in the standard way
(cold and collisionless), is to invoke a change in the primor-
dial power spectrum on small scales. The standard model of
cosmology assumes that the primordial power spectrum of
density fluctuations, P (k), laid down by inflation is a pure
power-law. Measurements of the cosmic microwave back-
ground constrain the power-law exponent to be ns ≈ 0.96,
in excellent agreement with generic inflation models. How-
ever, even the simplest single-field inflation models predict
some degree of deviation from a pure power-law (Kosowsky
& Turner 1995, see also Garcia-Bellido & Roest 2014; Es-
cudero et al. 2016).
A more general treatment of the primordial matter
power spectrum allows the spectral index to vary with scale,
with this scale-dependence termed the ‘running’ of the spec-
tral index (αs). As discussed in Stafford et al. (2020), a
growing body of observational evidence suggests some pref-
erence for a mildly negative value for αs (Dunkley et al. 2011;
Zhao et al. 2013; Hou et al. 2014; Planck Collaboration XIII
2016; Palanque-Delabrouille et al. 2015, 2019), which will
act to suppress power on the smallest (and largest) of scales.
Garrison-Kimmel et al. (2014) have previously shown that a
negative running can help resolve the missing satellite prob-
lem as well as alleviate the too-big-to-fail problem.
It is possible, however, that the small-scale crises out-
lined previously which supposedly exist with the ΛCDM
model are instead just a product of conclusions drawn from
comparing the observable Universe to the predictions from
a series of dark matter-only simulations. Recently there has
been extensive research into the possibility that a realistic
treatment of baryonic physics in simulations, such as su-
pernovae feedback, stellar winds, and feedback from active
galactic nuclei (AGN), may be able to resolve some of these
tensions. These studies have shown the importance of includ-
ing baryonic physics in the simulations, demonstrating the
potential to resolve for the cusp–core problem (Mashchenko
et al. 2008; Pontzen & Governato 2012; Maccio` et al. 2012b;
Madau et al. 2014; On˜orbe et al. 2015; Read et al. 2016;
Tollet et al. 2016; Wetzel et al. 2016; Fitts et al. 2017),
the missing satellites problem (Bullock et al. 2000; Benson
et al. 2002; Somerville 2002; Kravtsov et al. 2004; D’Onghia
et al. 2010; Wetzel et al. 2016; Garrison-Kimmel et al. 2017;
Sawala et al. 2017), as well as the too-big-to-fail problem
(Zolotov et al. 2012; Arraki et al. 2014; Brooks & Zolotov
2014; Chan et al. 2015; Wetzel et al. 2016; Tomozeiu et al.
2016; Sawala et al. 2016; Dutton et al. 2016; Brooks et al.
2017) and without having to invoke any extensions to the
standard model.
To what extent the successes of hydrodynamical sim-
ulations in helping to resolve the aforementioned small-
scale problems are a natural and robust consequence of the
physics implemented in the simulations, or is instead due to
calibration (either implicitly or explicitly) of the feedback
models to specifically address those issues, remains some-
what unclear1. In any case, the correct approach should not
to be overly prescriptive about the nature of the cosmolog-
ical model and the role of baryons, but to use comparisons
of simulations to observations to attempt to constrain both.
At present, the literature contains numerous studies
that typically explore one cosmological extension at a time,
or examine the impact of baryons alone (in ΛCDM), and
often in the context of a very small sample of haloes simu-
lated (zooms). Drawing general conclusions from these stud-
ies about the relative impact of these effects, their differ-
ences and possible degeneracies, is hindered by large study-
to-study variations in box size, resolution, differences in feed-
back calibration schemes, and focus on different aspects of
small-scale structure. Here we aim to remedy these issues
by simultaneously studying the effects of the different ex-
tensions (SIDM, WDM, and a running spectral index) to
ΛCDM in a consistent way, using a suite of high-resolution
dark matter-only cosmological simulations. To compare to
the impact of baryon physics, we make use of the high-
resolution EAGLE Recal model (Schaye et al. 2015; Crain et al.
2015) and the new ARTEMIS suite of zoomed hydrodynamical
simulations of Milky Way-mass galaxies (Font et al. 2020).
Note that ARTEMIS uses the same galaxy formation physics
as EAGLE but the stellar feedback has been re-calibrated for
the increased resolution to yield an improved match to the
stellar masses of haloes with similar mass to the Milky Way.
Both of these suites have comparable resolution and statis-
tics to our simulations of the above cosmological extensions.
We examine the dark matter-only and hydrodynamical sim-
ulations in a consistent way, examining the impact of cos-
mological variations and baryon physics on a wide range of
metrics that characterise the abundance and structure of
dark matter haloes and their subhaloes.
The present study is structured as follows: In Section 2
we introduce the simulations used as part of this study, cov-
ering each cosmological extension in turn. In Section 3 we
examine some global properties of the simulated volumes,
focusing on statistics such as the halo and subhalo mass
functions. In Section 4 we examine the effects from these
various cosmologies on several internal properties of sim-
1 See Schaye et al. (2015) for a discussion of the predictive power
of current cosmological hydrodynamical simulations.
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ulated haloes, examining statistics such as the dark matter
density profiles of haloes. Finally, in Section 5 we summarise
and discuss our findings.
2 SIMULATIONS
For this study, we have run a suite of high resolution, cos-
mological volumes, sampling different possible extensions to
the ΛCDM model. The suite consists of 7 dark matter-only,
periodic box simulations which are 25 comoving Mpc h−1 on
a side, each containing 10243 dark matter particles. All of
the cosmological parameters for the simulations in this suite
use the fiducial Planck 2015 maximum likelihood values,
apart from the simulations which include a running scalar
spectral index (this is explained in more detail below). The
cosmological parameter values adopted can be found in Ta-
ble 1.
The Boltzmann code CAMB2 (Lewis et al. 2000, August
2018 version) is used to compute the transfer functions and
power spectra for all of the simulations (with the WDM
power spectra being slightly altered, as explained below),
and a modified version of N-GenIC3 is used to create the
initial conditions (ICs) for the simulations. The simulations
are initialised at a starting redshift of z = 127 and run to z
= 0. We use a modified version of N-GenIC which includes
second-order Lagrangian Perturbation Theory corrections,
alongside support for massive neutrinos. Note that when
producing the initial conditions (ICs) for the simulations,
the same random phases are used for all 7 periodic box runs,
removing the effects of cosmic variance when comparing the
runs.
The simulations are run using a modified version of
the parallel Lagrangian TreePM-SPH code GADGET3 (last de-
scribed in Springel 2005).
The gravitational softening is a fixed physical length
of 250 pc h−1 at z ≤ 3, and is a fixed comoving length
at higher redshifts. The reference ΛCDM simulation (desig-
nated ‘Ref’) has a dark matter particle mass of mDM = 1.266
× 106 M h−1. The SIDM and WDM simulations also have
this particle mass, as they adopt identical cosmological pa-
rameters. The two simulations which incorporate a running
scalar spectral index have slightly different particle masses,
owing to the slightly different values for Ωm and h for those
runs, as described below. We note that for all the Planck
2015 maximum-likelihood cosmologies used in this study, in-
cluding the cosmologies with a running spectral index, we
include massive neutrinos using the minimum summed neu-
trino mass (equal to ΣMν = 0.06 eV), derived from at-
mospheric and solar oscillation experiments and adopting
a normal hierarchy of neutrino masses (Lesgourgues & Pas-
tor 2006). As a result we use a version of GADGET3 which has
the semi-linear algorithm (developed by Ali-Ha¨ımoud & Bird
2013, however see also Bond et al. 1980; Ma & Bertschinger
1995; Brandbyge et al. 2008; Brandbyge & Hannestad 2009;
Bird et al. 2012) which models the effects of massive neutri-
nos on both the background expansion rate and the growth
of density fluctuations implemented into it. This algorithm
2 http://camb.info/
3 https://github.com/sbird/S-GenIC
computes neutrino perturbations on the fly at each time step
(see McCarthy et al. 2018 for further details of its implemen-
tation). Furthermore, we also include the effects of radiation
on the expansion history.
2.1 Running of the scalar spectral index
The epoch of inflation seeded small density perturbations
in the matter distribution of the Universe, with the power
spectrum of these perturbations in the ΛCDM model being
of the form (Guth 1981):
P (k) = Akns (1)
where P (k) is the power spectrum as a function of wavenum-
ber k, A defines the amplitude of the primordial matter
power spectrum, and ns is the scalar spectral index. In the
ΛCDM model, ns is assumed to be constant, with no k de-
pendence. However, as discussed in the Introduction, even
the simplest models of inflation predict some level of devia-
tion from a power-law distribution.
Allowing for running, the modified power spectrum,
P (k), can be expressed as (Kosowsky & Turner 1995):
Ps(k) = As(k0)
(
k
k0
)ns(k=k0)+α′s(k)
(2)
where α′s(k) ≡ (αs/2) ln(k/k0), αs is the running of the
scalar spectral index, which is defined as dns(k)/dln(k).
The pivot scale, k0, is the scale at which the amplitude of
the power spectrum (As) is defined, along with the scale
at which the spectral index is measured when αs 6= 0. In
this study, we adopt the same pivot scale as that used for
the cosmological parameter estimation of Planck Collabora-
tion XIII (2016): k0 = 0.05 Mpc
−1. It is also worth men-
tioning that this is only a first-order extension to the power
spectrum of density perturbations. There can also be a ‘run-
ning of the running’, where the running of the scalar spec-
tral index also varies with scale [αs → αs(k)] leading to a
second-order term being added to the functional form of the
spectral index ns(k). But for simplicity, we focus here on the
first order effect.
As mentioned previously, all of the simulations, with
the exception of the two simulations that include a run-
ning scalar spectral index, adopt the Planck 2015 maximum
likelihood cosmological parameters. For the two simulations
which include a running scalar spectral index, we adopt the
same cosmological parameters as that derived in Stafford
et al. (2020). Here we will briefly explain how these cos-
mological parameters were chosen, but refer the reader to
Stafford et al. (2020) for more detail.
To generate a set of parameters which make up a cos-
mological model, we made use of the Planck 2015 publicly
available Markov chains which include αs as a free param-
eter. Five values for αs which sampled the posterior distri-
bution were chosen in Stafford et al. (2020), corresponding
to the maximum-likelihood value and ±1σ and ±2σ values.
For a given choice of the running, the values of the other
important cosmological parameters were obtained by taking
the weighted average of the Markov chain data for all pa-
rameter sets with αs close to the desired value. Choosing
the cosmological parameters in this way ensures that the re-
sultant cosmological model is consistent with current mea-
surements of the CMB. In the present study, we use 2 out
MNRAS 000, 1–23 (2020)
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of the 5 cosmologies generated in this way, corresponding to
the ±2σ values of the posterior distribution of αs.
2.2 Warm dark matter
Instead of modifying the primordial power spectrum, as in
the case of a running of the scalar spectral index, the nature
of dark matter itself can be modified. Warm dark matter
(WDM) differs from CDM in the standard model, in that the
subatomic particles that constitute WDM are considerably
lighter (∼keV) than CDM particles (∼GeV to TeV masses).
Consequently, WDM particles remain relativistic for longer
in the early Universe compared with CDM, resulting in non-
negligible thermal velocities that allow the particles to free-
stream out of small-scale density perturbations, smoothing
them out and suppressing the growth of structure on small
scales (Bond & Szalay 1983; Bardeen et al. 1986).
This smoothing out of density perturbations due to the
thermal velocity associated with WDM leads to a charac-
teristic cut-off in the WDM power spectrum. This effect can
be modelled as a transfer function TWDM(k), relative to the
CDM power spectrum:
PWDM(k) = T
2
WDM(k)PCDM(k). (3)
Here we make use of the fitting formula of Bode et al.
(2001):
TWDM(k) =
[
1 + (αk)2ν
]−5/ν
, (4)
with ν being a fitting constant and α corresponding to the
scale of the cut-off in the power spectrum, with this being
dependent on the mass of the thermal WDM particle. Note
that this function assumes the dark matter is entirely com-
posed of WDM. The values adopted for these constants cor-
respond to the best fit values obtained by Viel et al. (2005)
(for k−scales < 5 Mpc−1 h); i.e., ν = 1.12 and (assuming
the WDM is composed of thermal relics)
α = 0.049
( mx
1keV
)−1.11( Ωx
0.25
)0.11(
h
0.7
)1.22
Mpc h−1.
(5)
Here mx corresponds to the mass of the WDM particle, Ωx
is the present-day density of WDM in units of the critical
density, and h is the reduced Hubble’s constant.
Examining equation 5, it can be seen that the warmer
the dark matter particle (i.e., the smaller the mass of the
particle), the larger the scale of the break in the power spec-
trum (i.e., the suppression moves to smaller k values).
As well as using a modified power spectrum as outlined
previously, one should in principle also assign a thermal ve-
locity to the WDM particles; with the rms velocity disper-
sion of these WDM particles being around 1.6 (0.6) km s−1
in the case of the 2.5 (5.0) keV WDM particle mass at the
starting redshift of 127 (Bode et al. 2001), which is a frac-
tion of the rms velocity assigned through the Zel‘dovich Ap-
proximation (around 40 km s−1 at z = 127). Therefore, as
the distance scales travelled during the free-streaming of the
WDM particles due to their thermal velocities corresponds
to ∼ tens of comoving kpc for WDM particle masses of ∼
keV (Lovell et al. 2012), we neglect these thermal velocities
in our simulations. Furthermore, for a given initial power
spectrum, the inclusion of thermal velocities tends to intro-
duce spurious noise which can adversely affect early struc-
ture formation in the simulations (Leo et al. 2017). Note
that the particles are, however, still initialised with a pecu-
liar velocity using the Zel‘dovich Approximation (Zel’dovich
1970) plus 2LPT corrections.
In this study we investigate two different dark matter
particle masses: a 2.5 and 5.0 keV thermal relic dark mat-
ter mass. The choice for the WDM particle mass is influ-
enced by current astrophysical constraints. For example, a
strong lower-limit is placed on the mass of the WDM parti-
cles through observations of the Lyman-α forest flux power
spectrum, with Viel et al. (2013) placing a lower-limit of
MWDM & 3.3 keV and Irsˇicˇ et al. (2017) providing a slightly
more stringent constraint of MWDM & 5.3 keV. These lim-
its are consistent with constraints set from the Milky-Way’s
satellite population, which provide constraints ranging from
MWDM > (1.5− 3.9) keV (Lovell et al. 2014; Kennedy et al.
2014; Jethwa et al. 2018; Nadler et al. 2019; Nadler et al.
2020b).
Note, however, that the limits placed on the WDM par-
ticle mass through observations of the Lyman-α forest are
somewhat sensitive to the treatment of the thermal history
of the intergalactic medium (IGM). For example, Garzilli
et al. (2019) demonstrated that the Lyman-α forest con-
straints can be lowered to MWDM > 1.9 keV when marginal-
ising over the plausible temperature range of the IGM.
More recently, time delay measurements of (strong)
gravitationally-lensed quasars, which are sensitive to the dis-
tribution of substructure around the lens, have been used to
derive MWDM > 5.58 keV (Hsueh et al. 2019). As such, the
thermal relic masses which we choose to simulate are con-
sistent with the current tightest constraints placed on this
parameter by various observations.
As this study is focused on dark matter (sub)haloes, it
is important that the results are not influenced by numeri-
cal artefacts which may form. This is particularly relevant in
the simulations of WDM universes, with some studies hav-
ing shown an onset of structure formation on small scales
in WDM simulations due to spurious fragmentation of fil-
aments. Wang & White (2007) showed this to be due to
particle discreteness effects. They provided an empirical cut
in halo mass to remove these spurious objects from halo cat-
alogues (see also Lovell et al. 2014). However, as this lim-
iting mass is lower than the the limit we place on resolved
(sub)haloes, such spurious structure formation should not
impact our results (see Appendix A for more details).
2.3 Self-interacting dark matter
Another possible extension to the ΛCDM model is to al-
low the dark matter particles to self-interact (i.e., scatter
with neighbouring particles). Here the dark matter is still
assumed to be cold initially as in the standard model.
To simulate the effects of these self-interactions, we
use a slightly modified version of the previously mentioned
TreePM GADGET3 N -body code. This version was modified
by Robertson et al. (2019) (see also Robertson et al. 2017a,b)
to incorporate dark matter self-interactions. We will provide
a brief overview of the interaction process here, but refer the
reader to the original papers for more details.
At each time-step ∆t, particles search for any neigh-
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bouring particles that are within some pre-defined radius h.
The probability for each pair of nearby particles i and j to
scatter is calculated using:
P scatij =
|vi − vj |∆t
4pi
3
h3
.
( σ
m
)
mDM. (6)
Here (σ/m) is the particle physics dark matter scattering
cross-section, and mDM is the dark matter particle mass in
the simulation. vi,j is the velocity of particle i and j respec-
tively, and h is the search radius which we set to be equal to
the gravitational softening length  of the simulations (see
Robertson et al. 2017a for discussion). Note this equation
leads to the probability of a scattering event between two
particles taking place being proportional to the dark mat-
ter particle mass. As such, the total probability of a particle
scattering with any other particle is independent of parti-
cle mass, as the number of neighbouring particles available
to scatter with is inversely proportional to the dark matter
particle mass.
The dark matter interactions are assumed to be fully
described by an azimuthally-symmetric differential cross-
section, defined in the centre of momentum frame of the two
particles. Although the code has the functionality for scat-
tering events to be both velocity and angular dependent, in
this study we only examine the case where the scattering
events are velocity independent and isotropic. Under these
assumptions, the interactions are described by a differential
cross-section (which is the rate at which particles are scat-
tered into a region of solid angle) equal to:
dσ
dΩ
=
σ
4pi
. (7)
We explore two different values for the total cross-
section: σ/m = 0.1 and 1.0 cm2 g−1. These values are guided
by current observational constraints. Current constraints
come from observations of strong lensing arcs, which suggest
upper limits of σ/m<∼ (0.1, 1.0) cm2 g−1 (Meneghetti et al.
2001; Robertson et al. 2019, respectively); DM–galaxy off-
sets in colliding galaxy clusters, which suggest σ/m <(0.47
- 2) cm2 g−1 (Randall et al. 2008; Kahlhoefer et al. 2015;
Harvey et al. 2015; Kim et al. 2017; Robertson et al. 2017a;
Wittman et al. 2018); cluster shapes, have been used to in-
fer σ/m < (0.02, 0.1) cm2 g−1 (Miralda-Escude 2002; Peter
et al. 2013, respectively); as well as from subhalo evapora-
tion arguments that suggest σ/m < 0.3 cm2 g−1 (Gnedin
& Ostriker 2001). Note, however, that these constraints are
mainly derived from galaxy cluster scales. If the focus is
turned instead to the dwarf-galaxy regime, cross-sections
as high as 50 cm2 g−1 are within observational constraints
and can potentially alleviate some of the small-scale prob-
lems associated with ΛCDM (Elbert et al. 2015). As such,
a velocity-dependent cross-section may be needed to ex-
plain the entire dynamic range of observations. However, as
mentioned, this study focuses on velocity-independent cross-
sections, with the cross-sections chosen to be representative
of the current constraints which exist for this parameter.
2.4 Baryonic effects in the standard model
As discussed in the Introduction, many recent studies have
concluded that the effects of baryons on ‘small-scale’ struc-
ture are important. A primary aim of the present study is
to compare and contrast the effects of baryons with those of
changes to the standard cosmological model. We do this by
comparing the gravity-only simulations introduced above to
one set of simulations from the EAGLE project (the highest-
resolution ‘Recal’ run). We also make comparisons to the
ARTEMIS simulations, a new suite of fully hydrodynamic
zoom-in simulations of Milky Way-type analogues (Font
et al. 2020). This new suite of zoom-in simulations uses
the same galaxy formation (subgrid-)physics as the EAGLE
project, but the stellar feedback has been re-calibrated for
the higher resolution as well as to yield an improved match to
observed galaxy stellar masses at halo masses of ∼ 1012M.
Note that both sets of hydrodynamical simulations that
we use fall within the context of the standard cosmological
model. Ideally, one would also like to explore the impact of
baryons in non-standard cosmologies, since star formation
and feedback-driven winds are observed to be ubiquitous in
the Universe. We leave this for future work, noting that it
is not likely to simply be a matter of re-running the same
galaxy formation model in each cosmological extension, as
the properties of the galaxies themselves will likely change.
Therefore, re-calibration of feedback prescriptions will pre-
sumably be required. In other words, some degree of degen-
eracy between baryonic effects and cosmological effects is to
be expected. We comment on this possibility below, using
the simulations in hand.
2.4.1 EAGLE simulation
In this study we make use of the highest-resolution EAGLE
run (data from McAlpine et al. 2016), called ‘Recal’, which is
a 25 Mpc on a side cosmological volume (Schaye et al. 2015;
Crain et al. 2015). For a full overview of this and other EAGLE
runs, including how the initial conditions were generated, we
refer the reader to the aforementioned papers. We provide
only a brief overview of the Recal simulation here.
The simulation was run in the context of a Planck 2013
maximum-likelihood cosmology (Planck Collaboration XVI
2014), with the cosmological parameters provided in Ta-
ble 1. The simulation consists of a fully hydrodynamic run,
containing 2 × 7523 particles, and a complimentary dark
matter-only run (containing 7523). This results in particle
masses of mDM = 1.21 × 106 M and mgas = 2.26 × 105
M. The gravitational softening is 350 pc (in physical be-
low z = 3 and is a fixed comoving length at higher redshifts).
Thus, the mass and force resolution of this run is very similar
to that of our dark matter-only suite introduced above.
The galaxy formation (subgrid-)physics included as part
of the EAGLE project include metal-dependent radiative cool-
ing (Wiersma et al. 2009a), star formation (Schaye & Dalla
Vecchia 2008), stellar evolution, mass-loss and chemical en-
richment from Type II and Ia supernovae, Asymptotic Giant
Branch and massive stars (Wiersma et al. 2009b), black hole
formation and growth (Springel et al. 2005; Rosas-Guevara
et al. 2015), stellar feedback (Dalla Vecchia & Schaye 2012)
and feedback from active galactic nuclei (AGN) (Booth &
Schaye 2009).
Like the larger (but lower resolution) Reference EA-
GLE run, the stellar feedback in the Recal model was ad-
justed to approximately reproduce the local galaxy stellar
mass function and the size–stellar mass relation (see Schaye
et al. 2015). In practice, the Recal model produces stellar
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masses that are somewhat below those inferred from the ob-
served galaxy stellar mass function near the knee of the mass
function (i.e., for Milky Way-mass halos, the stellar masses
are somewhat too low), otherwise the galaxy stellar masses
match the observations rather well. We therefore compare
the results derived from EAGLE with those derived from the
ARTEMIS zooms simulations (described below), for which the
stellar masses agree better with observations for Milky Way-
mass haloes.
2.4.2 The ARTEMIS simulations
This study also makes use of the ARTEMIS simulations. This
is a suite of zoom-in simulations, which are introduced in
detail in Font et al. (2020) but we provide a brief overview
here.
The simulations were performed using a WMAP9 cos-
mology (Hinshaw et al. 2013), with the cosmological param-
eters for this run provided in Table 1.
Note that the WMAP9 maximum-likelihood cosmology
does not include massive neutrinos, whereas, as mentioned
previously, the Planck 2015 cosmologies used for the cos-
mological volumes do. However, this should not impact the
comparisons made here, as we focus mainly on the relative
effects of the cosmological extensions, as well as the rela-
tive effects of baryonic physics, compared to a CDM dark
matter-only prediction. Furthermore, it was illustrated by
Mummery et al. (2017) that the effects of massive neutrinos
are separable from the effects of baryonic physics.
The underlying galaxy formation (subgrid-)physics
which is included in these full hydrodynamic zoom-in sim-
ulations is identical to that used in the EAGLE project (as
described in Section 2.4). However, the parameters which
characterise the efficiency of stellar feedback were adjusted
to match the observed stellar mass–halo mass relation, as
inferred from abundance matching. The motivation for the
adjustment was two-fold: i) the EAGLE Recal model predicted
too low stellar masses on the scale of Milky Way-mass haloes
(as mentioned above); and ii) the effectiveness of feedback
in suppressing star formation tends to increase with increas-
ing resolution for a fixed feedback model, thus the feedback
efficiency in the higher-resolution ARTEMIS simulations was
reduced with respect to the EAGLE Recal model (see Font
et al. 2020 details).
The MW analogues were selected from a parent cos-
mological volume, 25 Mpc h−1 on a side, containing 2563
particles. These MW analogues were then run at higher res-
olution, using the zoom-in technique (see e.g Bertschinger
2001), with the ICs being generated by MUSIC (Hahn &
Abel 2011). The ICs are generated at a starting redshift
of z = 127, with a transfer function computed using the
Boltzmann code CAMB. Furthermore the ICs are generated
including 2LPT corrections.
The MW type objects were selected based solely on a
mass criterion, with any halo in the original dark matter-
only cosmological volume which had a spherical-overdensity
mass (defined in Section 3.1) in the interval 11.903 ≤
log10(M200,crit/M) ≤ 12.301 being deemed a MW ana-
logue. In total, this suite of zoom-in simulations contains 42
MW-analogues simulated at high resolution, with each hy-
drodynamic zoom-in having a complementary dark matter-
only zoom-in simulation. The resultant resolution of these
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Figure 1. Top: number density of haloes per logarithmic mass
interval, plotted as a function of their spherical overdensity mass.
Bottom: the results in the top panel normalised with respect to
the ΛCDM result. Note for the EAGLE simulations, the hydrody-
namical simulation result is normalised with respect to the re-
sult from the complementary dark matter-only simulation. The
lines become transparent for mass bins which have fewer than 10
haloes.
simulations is a dark matter particle mass equal to mDM =
1.17× 105 M h−1, and initial baryonic particle mass equal
to mgas = 2.23 × 104 M h−1. The gravitational softening
length for these zoom-in simulations is set to 125 pc h−1 in
physical coordinates for z ≤ 3, and is changed to a constant
comoving scale at earlier times. Thus, ARTEMIS is somewhat
higher resolution than the simulations described previously.
3 GLOBAL PROPERTIES
Here we present results for the effects that these different
cosmologies have on the structure which forms across the
different simulations. We start by examining the effects on
global properties of the simulated volume, including the halo
and subhalo mass function, and the subhalo Vmax function.
3.1 Spherical-overdensity halo mass function
The first statistic we examine is the spherical-overdensity
(SO) halo mass function (HMF), shown in Fig. 1. Here we
define the SO halo mass function as the number density
of haloes which exist per logarithmic mass interval: φ ≡
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Table 1. The cosmological parameter values for the suite of simulations used in this study are presented here. The columns are as follows:
(1) The labels for the different cosmological extensions simulated in this study, as well as the hydrodynamic simulations which we use. (2)
Hubble’s constant. (3) Present-day dark matter density in units of the critical density of the Universe. (4) Present day baryonic density
in units of the critical density. (5) Spectral index. (6) Amplitude of the initial matter power spectrum at a pivot scale of 0.05 Mpc−1
for the cosmological variations (corresponding to the Planck pivot scale), and 0.002 Mpc−1 for the ARTEMIS simulations (corresponding
to a WMAP9 pivot scale). (7) linearly evolved present-day amplitude of the matter power spectrum on scales of 8 Mpc h−1. Note that
when producing the ICs for the simulations, we use the value for As, meaning that the ICs are normalised by the CMB. (8) Simulation
DM particle mass.
(1) (2) (3) (4) (5) (6) (7) (8)
Cosmology H0 ΩDM Ωb ns As σ8 mDM
(km s−1 Mpc−1) (×10−9) (×106 M h−1)
Ref (ΛCDM) 67.31 0.264 0.049 0.966 2.199 0.830 1.063
σ/m = 0.1 cm2 g−1 67.31 0.264 0.049 0.966 2.199 0.830 1.063
σ/m = 1.0 cm2 g−1 67.31 0.264 0.049 0.966 2.199 0.830 1.063
MWDM = 2.5 keV 67.31 0.264 0.049 0.966 2.199 0.830 1.063
MWDM = 5.0 keV 67.31 0.264 0.049 0.966 2.199 0.830 1.063
αs = -0.02473 67.53 0.264 0.050 0.962 2.349 0.851 1.060
αs = 0.00791 66.95 0.268 0.049 0.965 2.147 0.821 1.079
ARTEMIS 70.00 0.233 0.046 0.972 2.410 0.821 0.118
EAGLE 67.77 0.259 0.048 0.961 3.097 0.829 0.821
dn/d log10(M), which in this study is plotted as a function
of SO mass: M = M200,crit. This is defined as the mass
contained within a radius R200,crit, which encompasses an
overdensity 200 × the critical density of the universe.
Haloes in this study are identified using the SUBFIND
algorithm (Springel et al. 2001; Dolag et al. 2009). First a
standard Friends-of-Friends (FoF) algorithm is run on the
dark matter distribution (Davis et al. 1985), linking all par-
ticles which have a separation less than some fraction of
the mean inter-particle separation (with this fraction being
set to 0.2 in this study). With the FoF groups identified,
SUBFIND then goes through each group and identifies locally
bound substructures (subhaloes). The FoF group is centered
on the position of the most-bound particle (lowest gravita-
tional potential) in the central subhalo; i.e., the most mas-
sive subhalo in the FoF group. SUBFIND calculates a variety
of subhalo parameters, including Msub (the summed mass
of all particles deemed to be gravitationally-bound to a sub-
halo) and Vmax (the value at which a subhalo’s circular ve-
locity profile, V (r) ≡√GM(< r)/r, reaches its maximum).
Vmax is a more stable quantity compared to the mass of a
subhalo as it is less sensitive to how the subhaloes are iden-
tified and defined and it is more robust to tidal stripping
(e.g. Diemand et al. 2007; Springel et al. 2008).
Focusing first on the cosmologies which have a run-
ning scalar spectral index as a free parameter, it can be
seen in Fig. 1 that there is a relatively large suppres-
sion (≈ 10 − 20%) in the number density of haloes with
M200,crit <∼ 1011 Mh−1 for the case with a negative running
cosmology. This is best illustrated in the bottom panel of this
plot, which shows the HMF of each cosmology normalised
with respect to the reference simulation4. Conversely the
opposite is seen for the cosmology which has a positively-
4 Note that the result shown for the EAGLE hydrodynamical sim-
ulation in the bottom panel is normalised by the complementary
dark matter-only counterpart to the full hydrodynamical result.
This is true for all ratio panels shown throughout this paper.
running scalar spectral index, which sees an ≈ 10% increase
in the number density of haloes at these masses. These re-
sults illustrate how relatively subtle changes to the primor-
dial matter power spectrum are able to have relatively large
effects on the growth of structure on small scales.
Similar to the effects of a negative running cosmology,
switching to WDM also leads to a significant suppression
in the mass function at low masses. As expected, the effect
is largest in the simulation with the lighter WDM particle
mass. This is a well-known result, having been found for a
range of WDM masses and models previously (e.g., Smith
& Markovic 2011; Angulo et al. 2013; Bose et al. 2016).
These results illustrate the potential difficulty in con-
straining some of these cosmological extensions through sim-
ply counting the number of low-mass haloes. For example,
the cosmology with a negatively-running spectral index can
lead to a suppression very similar to that seen in the WDM
cosmologies, particular at masses around 109 M. Further-
more, if the cosmology happened to be a combination of
either WDM + positive αs or WDM + negative αs, this
could lead to a universe very similar to a ΛCDM universe
in the case of the former, and a universe with an apparently
much warmer WDM model in the case of the latter.
Examining the simulations where the dark matter is
allowed to interact with itself, there is no significant effect
on the number density of SO haloes which form. This agrees
with previous results that have been found when comparing
large-scale statistics in SIDM and CDM cosmologies (e.g.
Rocha et al. 2013). However, as we show below, SIDM can
strongly affect the abundance of satellite haloes embedded
within their hosts relative to that of the reference cosmology.
In addition, SIDM can have a large effect on the internal
properties (e.g., density distribution), which we also discuss
below.
We now compare the previous effects, present due en-
tirely to changes in the cosmological model, to those present
in fully hydrodynamic simulations in the context of the stan-
dard model. Examining the result from the EAGLE simula-
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tion, it is interesting that the suppression seen in the HMF
is bracketed by the results for the two WDM cosmologies,
and the cosmology with a negative running. For example the
EAGLE simulation predicts a suppression of around 20% for
haloes with mass around 109 M h−1, whereas the sup-
pression seen in the different cosmologies range between
≈ (15 − 50)%. Note that the suppression of the HMF for
EAGLE was also shown previously by Schaller et al. (2015).
Physically, the suppression of the halo mass function in
the hydrodynamical simulations is the result of ejection of
baryons due primarily to stellar feedback at these mass
scales.
Another interesting feature is how the suppression of
the halo mass function as a function of mass in the EAGLE
run is closely mimicked by the result seen for a (dark matter-
only) cosmology with a negative running, at least in shape.
Furthermore, as was shown in Stafford et al. (2020), bary-
onic effects and the effects from the inclusion of a running
spectral index appear to be separable to within a few per-
cent, with each effect treatable as a multiplicative correction
to the HMF of a ΛCDM gravity-only simulation. As such,
in the presence of an (unaccounted for) positively-running
scalar spectral index, one would tend to underestimate the
role of baryons in suppressing the HMF. This problem is
compounded by the current uncertainty in the suppression
of the HMF due to baryonic physics on these scales. This
is because current observations measuring the gaseous com-
ponent of haloes on these scales (e.g. Giovanelli et al. 2005;
Brown et al. 2017; Haynes et al. 2018) – which are a proxy
for how efficient stellar feedback is at removing baryons from
these haloes – are themselves quite uncertain. This prop-
agates through to poor constraints on the stellar feedback
implemented into hydrodynamical simulations. For example,
as was shown in Davies et al. (2020), there can be a large
discrepancy in the gas fractions predicted at halo masses
around 1011.5 M in simulations with different feedback im-
plementations. This was shown to be true when comparing
the gas fractions seen in the EAGLE simulation and those seen
in the IllustrisTNG simulation (Nelson et al. 2018; Springel
et al. 2018; Pillepich et al. 2018a,b). However, despite their
differences, both of these simulations provide cold gas frac-
tions which are consistent with present constraints (Crain
et al. 2017; Stevens et al. 2019).
The change in the SO halo mass function can be more
readily understood by examining how individual haloes
change their mass across the different cosmologies5. In or-
der to calculate the change in mass, we first need to match
haloes in different simulations using the unique IDs of the
dark matter particles. We do this by bijectively matching the
50 most bound particles of haloes in the reference cosmology
to each cosmological extension in turn. We only use haloes
which successfully match both forwards and backwards in
all simulations.
Using the list of matched haloes, we examine how the
masses of individual haloes change across the different sim-
ulations. Fig. 2 shows the median of the fractional change
in mass of haloes in the different cosmologies, alongside the
result for the EAGLE simulation.
5 This is possible since the simulations use the same initial
phases.
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Figure 2. The fractional change in mass of a matched set of
haloes across the different cosmologies, plotted as a function of
the matched mass in the reference simulation, computed at z = 0.
This result provides an intuitive explanation for the effects seen
on the HMF due to the changes in cosmology, or through the
inclusion of galaxy formation physics in the simulations.
In terms of the effects of a running scalar spectral in-
dex, the positive-running cosmology boosts the halo masses
by ≈5% compared to its ΛCDM counterpart, whereas the
masses are decreased in a negative-running cosmology by
> 10% (with the largest effects coming at low masses). It
is worth noting that, although the magnitude of this effect
(and the effects seen throughout this paper on the various
statistics examined) is larger in the negative running cos-
mology, this cosmology is also slightly more extreme than
the cosmology with a positive running scalar spectral in-
dex (i.e. the initial density field has a larger difference with
respect to ΛCDM in the case of the negative running cosmol-
ogy). The reason for this is because the Planck 2015 results
slightly favour a negative running cosmology. As such, the
effect on the initial matter distribution in this cosmology is
larger than in the positive running cosmology (see e.g. fig. 2
in Stafford et al. 2020). This effect echos what was found in
Stafford et al. (2020), extending the findings of that paper
down to lower masses and illustrating further how the ef-
fects of a cosmology with a running spectral index are more
pronounced on smaller scales.
There is also a strong effect on low-mass haloes in the
most extreme WDM cosmology, with these haloes being less
massive compared to their reference counterpart. This is ex-
pected due to the cut-off in the power spectrum on small
scales, which preferentially affects low-mass haloes. The two
different SIDM cosmologies have little effect on the halo
mass over the entire mass-range sampled here.
Examining the results from the EAGLE simulation, again
the result seen in the HMF is echoed here, with the mass
of a matched set of haloes being reduced in the full hydro-
dynamic run, compared with its dark matter-only result.
The effect is strongest at lower masses, where stellar feed-
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back in particular is able to efficiently blow gas out of the
haloes, thus reducing their overall mass. This, in turn, re-
duces the mass accretion rate onto the haloes, effectively
amplifying the change in the final halo mass (Sawala et al.
2013; Schaye et al. 2015). Note that the convergence of
the halo mass in the EAGLE hydrodynamical simulation to
the matched mass in the dark matter-only simulation, at
around M200,crit ≈ 1012 M h−1, likely happens at too
low of a mass. Observations show that only haloes above
M200,crit ∼ 1014 M h−1 are ‘baryonically closed’ (e.g., Mc-
Carthy et al. 2017), whereas the EAGLE simulations demon-
strate convergence to the universal baryon fraction at a con-
siderably lower halo mass (see fig. 15 of Schaye et al. 2015).
A more realistic behaviour for the effects of baryons at high
halo masses can be found in Velliscig et al. (2014) (see their
fig. 2).
As already discussed, the similarity in the magnitude of
the change to halo mass and, in some cases its dependence on
mass itself (e.g., negative running cosmologies and baryonic
effects have a similar mass dependence), strongly suggest
that baryonic and cosmological effects on halo mass will be
degenerate. As we will show, however, the relative effects
depend strongly on the nature of the probe, suggesting that
multi-probe data sets are a potential way to break these
degeneracies.
3.2 The subhalo mass and Vmax functions
We now examine the subhalo mass function (SMF) and sub-
halo maximum circular velocity function (SVF). Similarly
to the HMF, these quantities are defined as the number of
subhaloes of mass Msub (maximum circular velocity Vmax)
that exist per cubic comoving Mpc, per logarithmic mass
(velocity) interval: φ ≡ dn/d log10(X) (where X = Msub or
Vmax). As these quantities are well-defined for both central
and satellite subhaloes (unlike SO masses), we investigate
them separately.
The SMF is shown in Fig. 3, which we split into the
satellite and central mass functions. A central subhalo is de-
fined as the most massive subhalo contained within a single
FoF group, with all other subhaloes in that same FoF group
being defined as satellites. The bottom panel in this plot
shows the result (be it the satellite or the central mass func-
tion) for each cosmology normalised with respect to the cor-
responding result in the reference ΛCDM simulation. Note
that when examining subhaloes in this study, we focus on
subhaloes with a mass > 5×108 M, and Vmax > 15 km s−1.
These values were calculated by comparing the Msub-Vmax
relation, along with the SMF, between two different resolu-
tion simulations. This allows a conservative upper-limit to
be placed on the values of Vmax and Msub for which these
parameters are numerically converged (see Appendix A).
Focusing on the bottom panel of Fig. 3, the results
largely mirror those for the SO HMF in Fig. 1. Further-
more, in general there are no large differences in the mass
change for centrals and satellites for a given variation with
respect to the reference ΛCDM model, with the exception
of the SIDM simulations. Here, in particular for the simu-
lation with the higher cross-section, satellites appear to be
more strongly affected than central subhaloes relative to the
reference ΛCDM case. We return to this point below.
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Figure 3. Top: the z = 0 number density of subhaloes as a func-
tions of subhalo mass, split into the result for central subhaloes
(solid) and satellite subhaloes (dashed). Note that this only in-
cludes subhaloes which have more than 200 particles bound to
them, which was found to be a conservative resolution cut. Bot-
tom: this shows the results in the top panel normalised to the re-
sult in the reference simulation, thus highlighting the differences
between the simulations. The lines turn transparent for mass bins
which have fewer than 10 subhaloes in.
Next we examine the subhalo Vmax function, which is
shown in Fig. 4. The effect that varying the underlying cos-
mology has on this is very similar to that seen in the SMF.
For example, the WDM models and the negative running
cosmology all lead to a large suppression in the number
density of subhaloes at fixed Vmax, with the positive run-
ning cosmology being the only model which produces an en-
hancement. Similarly, in the most extreme SIDM cosmology,
the number density of satellites is also suppressed, whereas
there is little effect on the centrals. The result for the EA-
GLE simulation is also very similar to that seen in the SMF,
in that at fixed Vmax there is a suppression in the number
density of subhaloes in the hydrodynamic simulation. This
is true for both centrals and satellites.
Returning now to the difference between the impact
of SIDM on satellites relative to central subhaloes, we be-
lieve this comes about due to the combination of two effects
working in tandem. Firstly, there is the ‘evaporation’ of the
subhaloes, which happens due to elastic collisions between
the particles from a subhalo, and the particles of the host
halo. These scattering events lead to neither particle being
bound to the subhalo (Vogelsberger et al. 2012), causing the
subhalo to lose mass as it infalls into the host halo. This
evaporation mechanism was the original motivation for us-
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Figure 4. Top: the z = 0 number density of subhaloes, now as
a function of Vmax, once again split up into central subhaloes
(solid line) and satellite subhaloes (dashed line) for the different
cosmologies examined in this study. Bottom: the above results
normalised with respect to the result in the reference cosmology,
plotted to make the differences between the effects of each cos-
mology more apparent. Note the lines are made transparent for
mass bins with fewer than 10 subhaloes present.
ing SIDM to solve the missing satellites problem (Spergel
& Steinhardt 2000). However, another effect which causes
the subhaloes to lose mass is tidal stripping. Due to the
core which forms in subhaloes, they are also more suscepti-
ble to tidal stripping (Pen˜arrubia et al. 2010) (with Dooley
et al. 2016 finding this to be the more dominant effect out
of the two). As such, both of these effects work to decrease
the mass of a subhalo as it travels through its host halo,
which is what drives the differences between the central and
satellite mass (Vmax) functions in the more extreme SIDM
cosmology. We explore this effect further in Fig. 8, which
shows a strong suppression in the number density of satel-
lite subhaloes in the central regions of their hosts in a SIDM
cosmology, relative to the CDM case.
We have also examined the above statistics at early
times, corresponding to z = 0.5, 1.0. However the results
seen at these earlier redshifts are quantitatively very similar
to the z = 0 result, except that the results become more
noisy at the high-mass end due to the finite box size. For
this reason, and for brevity, we only show the z = 0 results.
3.3 Theoretical vs. observable quantities
It is important to note that some of the aforementioned
quantities are not strictly observable with current measure-
ments. For example, generally speaking, individual total halo
masses can only be estimated with reasonable accuracy on
the scale of galaxy groups and clusters6, where a variety
of methods exist for measuring masses (e.g., X-ray, grav-
itational lensing, and galaxy velocity dispersion measure-
ments). Thus, measurements of the halo mass function are
currently very challenging on the scales we are interested in
here. On the other hand, observable quantities such as stellar
mass are thought to be very good proxies for total halo mass,
with a typical scatter in the stellar mass at fixed halo mass of
0.2 dex (e.g., Behroozi et al. 2013). In terms of the quantity
Vmax, while rotation curves are directly accessible observa-
tionally, current observations of low-mass galaxies struggle
to reach the flat part of the rotation curve, so that estimates
of Vmax can sometimes require significant extrapolation.
Ultimately, in order to make definitive statements about
the degeneracies between baryon physics and changes in cos-
mology for low-mass galaxies, one should make synthetic (or
‘mock’) observations from the simulations and analyse them
in a way that is faithful to what is done for genuine ob-
servations. In order to do this, however, a simulation suite
which includes baryon physics for all cosmological variations
is required. We leave this for future work.
4 INTERNAL HALO PROPERTIES
We turn now to the internal structure of host haloes
across the different simulations. We stack haloes in 6
equally spaced logarithmic mass bins between 10.0 ≤
log10(M200,crit [M]) ≤ 13.5, with the results shown cor-
responding to the median result in each mass bin. In partic-
ular, we examine the spherically-averaged dark matter den-
sity profiles of haloes (which we also use to examine the
concentration–mass relation later), along with the circular
velocity profiles of the haloes. We also examine how sub-
haloes are radially distributed in their host haloes.
4.1 Dark matter density and circular velocity
profiles
The spherically-averaged dark matter density and circular
velocity profiles for all of the simulations we consider are
shown in Figs. 5 and 6, respectively. To place the ‘dark
matter-only’ simulations on an equal footing the hydrody-
namical simulations, we rescale dark matter particle masses
in the dark matter-only simulations by the ratio ΩCDM/Ωm
(where Ωm is the total matter density in units of the crit-
ical density). As mentioned, the results shown in this sec-
tion correspond to the median result of all haloes in that
mass bin, with the mass bin indicated in the top right-
hand corner of each panel. The results are shown in di-
mensionless units, with the density profiles being scaled by
6 Measurements of total masses are possible for lower-mass sys-
tems (e.g., with galaxy-galaxy lensing), but generally require the
stacking of large numbers of systems to make precise measure-
ments.
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Figure 5. Spherically-averaged dark matter density profiles for the different cosmological models at z = 0. The different panels here
correspond to different mass bins, with the mass window being shown in the top-right hand corner of each panel (equal to m1 ≤
log10(M200,crit [M]) < m2). The different curves correspond to the median result in that mass bin. The smaller panels below the
density profiles show the median density profiles in each mass bin normalised with respect to the median density profile in the reference
cosmology in that mass bin. The result is also plotted for haloes in the EAGLE simulation. Alongside this, we also compare these results
to the density profiles calculated for the MW analogues from the ARTEMIS simulations. The results for this is shown in the bottom-left
panel. We also plot in this panel the stellar (shown by stars) and gaseous (shown by circles) density profiles for the two hydrodynamic
simulations. The shaded regions show the 16th-84th percentile result for the most extreme SIDM cosmology. This scatter is representative
of the other 6 cosmologies, and shows the significance of the core produced in the SIDM cosmologies’ density profiles. The vertical dashed
line represents the median convergence radius for that mass bin, calculated in the ΛCDM cosmology. The vertical dot-dashed lined
shown in the ratio panel corresponds to the convergence radius calculated using the ratios as a convergence diagnostic rather than the
actual density profiles themselves, as described in Section 4.2. Note that this radius corresponds to a conservative upper-limit on the
convergence of the ratios, as it is calculated based on the minimum radius down to which a lower resolution simulation is converged with
the simulations for which these results were extracted. We only plot this result for the first three mass bins, as it is for these mass bins
that the absolute profiles are not converged over the entire radial range examined in this study. For instances where this convergence
radius is exactly equal for different cosmologies we slightly displace them to larger radii for clarity.
the critical density of the universe at z = 0 and the cir-
cular velocities scaled by the circular velocity at R200,crit,
V200,crit =
√
GM200,crit/R200,crit. The profiles themselves
are computed in 32 logarithmically-spaced radial bins be-
tween: −2.5 ≤ log10(r/R200,crit) ≤ 0.
The plots are split into 6 panels according to halo mass
bin. The smaller panels below the main panels correspond
to the median density/circular velocity profile in that mass
bin normalised with respect to the median density/circular
profile in the reference ΛCDM cosmology in the same mass
bin. The vertical dashed line in each panel corresponds to
the median convergence radius calculated for the ΛCDM
simulation. We compute the convergence radius following
that advocated by Ludlow et al. (2019) (see their equation
15). This is a follow-up study to that done in Power et al.
(2003), where the convergence radius is calculated explicitly
for stacks of haloes. Ludlow et al. find that the median re-
sult of a stack of haloes (circular velocity profiles in their
study) is converged to smaller radii than what was advo-
cated by Power et al. (2003). In this study, however, we are
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Figure 6. The median dark matter circular velocity profile of haloes in 6 separate mass bins for the different cosmologies examined in
this study at z = 0, scaled by the virial circular velocity. The result is plotted in the same mass bins examined in the previous plot,
indicated in the top right-hand corner of each panel. The bottom panel(s) below each main plot show the above result normalised with
respect to the median result in that mass bin in the reference cosmology. Once again, the shaded regions correspond to the 16th-84th
percentile plotted for the more extreme SIDM cosmology, with this scatter being representative of the other cosmologies. The vertical
dashed line corresponds to the median convergence radius of haloes in that mass bin in the ΛCDM cosmology. The vertical dot-dashed
line shown in the ratio panels corresponds to the convergence radius obtained from the Section 4.2 analysis. Once again, we only show
this result for the top three panels, and slightly displace any radii which are exactly equal across different cosmologies for clarity.
less focused on the absolute value of the density and circular
velocity profiles and more on the relative effects (shown by
the ratio panels in each plot) on the profiles due to changes in
cosmology and inclusion of baryons. Therefore, as an aside,
we also investigate below (see Section 4.2) whether the ratio
of the density profiles of haloes in non-standard cosmologies
with respect to ΛCDM are potentially converged to smaller
radii than that advocated by Ludlow et al. (2019). This is
particularly relevant for the first three mass bins, which are
not converged over the entire radial range which we examine
here. We indeed find the ratios are generally converged to
small radii and as such we also plot on Figs. 5, 6 the con-
vergence radii that we advocate for these first three mass
bins.
The strongest cosmological effect on the profiles come
from the SIDM model, particularly the run with the largest
cross-section. The scattering acts as an efficient mechanism
for dynamically heating and redistributing the mass in the
inner regions, producing a near constant-density core. The
size of the core relative to the virial radius is an increasing
function of halo mass, this is expected given the fact that the
scattering rate depends on both the local density and veloc-
ity. This means that the scattering rate at a fixed fraction of
R200,crit, scales with V200,crit; as such, more massive haloes
(higher V200,crit) have higher scattering rates, at a certain
fraction of R200,crit, resulting in larger cores forming. This
effect has been seen in previous studies (e.g. Colin et al.
2002; Rocha et al. 2013; Vogelsberger et al. 2019; Robertson
et al. 2019). Interestingly, in the σ/m = 1.0 cm2 g−1 cos-
mology, the redistribution of matter from the inner regions
to the outer regions tends to lead to a small enhancement
in the dark matter density on scales of ≈ 0.05–0.1 R200,crit
relative to the baseline collisionless ΛCDM model.
The next largest cosmological effect is seen in the cos-
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mology with a negative running of the spectral index. Here
there is also a suppression in density in the inner-regions,
particularly for the lower-mass haloes, with there being an ≈
20% decrease in the central density of these objects (M200,crit
< 1011 M). This effect decreases with increasing mass, with
the profile in the highest-mass bin being broadly consistent
with the result in the reference cosmology.
This trend, however, continues further, as was shown in
Stafford et al. (2020); a cosmology with a negative running
actually predicts an enhancement in the density profile of
haloes with mass & 1014 M. Conversely to the SIDM mod-
els where there is a very sharp drop in the density profile
and a small increase in density over a narrow radial range
just outside of the core, the decrease in the density profile
towards the center in the negative running cosmology is far
more gradual.
There is also a slight decrease in the profiles in the in-
ner regions in the two WDM models, particularly at the low
mass end, with this effect disappearing quickly with increas-
ing mass; with haloes of mass M200,crit ≥ 1011.17 M having
density profiles almost indistinguishable from the ΛCDM re-
sult. This agrees with the results of Bose et al. (2016), along
with the lower-concentration of low-mass haloes found in
Ludlow et al. (2016) (see also Fig. 9).
The cosmology with a positive running of the spectral
index is the only cosmology which appears to predict an
enhancement in the central density (and circular velocity)
profiles of haloes. However, this enhancement is generally
quite mild and decreases with increasing halo mass.
We now investigate the impact of baryons on the dark
matter density and circular velocity profiles, using the EAGLE
and ARTEMIS simulations. For the three lowest-mass bins, the
impact of baryons on the dark matter density profiles in the
EAGLE simulations is relatively mild. As the stellar mass frac-
tions are very low in this regime (Schaye et al. 2015; Schaller
et al. 2015), there is no significant adiabatic contraction of
the dark matter. On the other hand, EAGLE may underesti-
mate the effects of repetitive feedback episodes in introduc-
ing a core in the dark matter, due to its lack of an explicit
cold phase of the ISM and a relatively low density threshold
for star formation (e.g., Ben´ıtez-Llambay et al. 2019). How-
ever, when examining mass bins with M200,crit ≥ 1011.75
M, where it is not thought that feedback can produce such
cores (e.g., Dutton et al. 2011), the inner density and cir-
cular velocity profiles appear far more pronounced in the
hydrodynamic result compared to the dark matter-only re-
sult. This illustrates the contraction of the dark matter in
the central regions due to the presence of stars in the inner
regions of the central galaxies of these haloes. A similar re-
sult was shown by Schaller et al. (2015) (see their fig. 6), who
also showed the density profile of stars in their host haloes,
illustrating how these dominate the total matter density in
these regions, particularly for these higher mass haloes.
Focusing on haloes in the mass range 1011.75 ≤
M200,crit/M < 1012.33 (shown in the bottom-left panel of
the same figure), we also plot the median result for the dark
matter density and circular velocity profiles computed for
the 42 MW analogues from the ARTEMIS simulations. Recall
that the mass-range sampled by these zoom-in simulations is
from: 1011.9 ≤ M200,crit/M < 1012.3, roughly correspond-
ing to the same range examined for the cosmological exten-
sions 7. Similarly to the results seen in the EAGLE simulation,
at large r, the dark matter density and circular velocity pro-
files in the hydrodynamic simulations are quite similar to the
result seen for the dark matter-only simulation. However, the
density and circular velocity profiles in the inner regions of
the haloes (r . 0.1R200,crit) are far steeper in the ARTEMIS
simulations than their dark matter-only counterpart. This
effect is also larger than that seen in the EAGLE simulations
and extends to larger radii. We argue that this is the case be-
cause ARTEMIS has higher stellar masses than EAGLE for this
halo mass range (with the former being in better agreement
with observations).
To demonstrate this, we also plot in this panel the den-
sity profiles of the stellar and gaseous components of the
halo. Here one can see that ARTEMIS has a systematically
larger stellar density at all radii compared to the EAGLE re-
sult (along with an increased circular velocity). It is these
differences which produce the differing profiles between the
two hydrodynamical simulations. Note that the apparent off-
set between the density and circular velocity profiles in the
hydrodynamic simulations relative to the gravity-only sim-
ulations is due to the former having a larger median mass
in each of the mass bins.
These results demonstrate the importance of having
simulations which also include a prescription for galaxy for-
mation physics, as baryonic physics has one of the largest
effects on the underlying dark matter distribution in Figs. 5
and 6. This is particularly apparent when examining the
panels which also show the stellar density (circular velocity)
profiles. These show how the stellar component dominates
the profiles in the inner regions and, via adiabatic contrac-
tion, produces the changes seen in the dark matter profiles.
It is in these regions also where the different cosmological
models are seen to have the largest effects. Therefore, as
discussed in the Introduction, the ideal scenario is to sim-
ulate not only the standard cosmological model, but also
plausible non-standard cosmologies using full cosmological
hydrodynamical simulations. To date, only a small number
of studies have attempted this. For example, recent simu-
lations presented in Despali et al. (2019) explored SIDM
hydrodynamical simulations, concluding that the gravita-
tional potential of the stars at the centre of intermediate
mass haloes (Mvir ≈ 1012 M) significantly alters the DM
distribution, removing the SIDM-induced core, while cores
still formed in more massive haloes (Mvir ≈ 1013 M), with
this being related to the formation time of the halo. Using
zoomed hydrodynamical simulations of clusters, Robertson
et al. (2018) found a very complex interplay between baryons
and SIDM, with some haloes showing dark matter cores, and
others which do not. How the results of combined baryons
+ non-standard cosmology runs depend on the method for
implementing and calibrating the feedback, the modelling
of the cold ISM (or lack thereof), and the resolution of the
simulations, has not yet been explored in much detail, but
it would not be surprising if the conclusions about the in-
7 When taking the ratio for the ARTEMIS, we divide the median
result for the haloes in the full hydrodynamic run by the median
result from the complimentary dark matter-only zoom simula-
tions
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terplay of baryons and cosmological effects were sensitive to
these factors and should be explored.
The above analysis of the density and circular veloc-
ity profiles was done in bins of halo mass, using the self-
consistently computed halo masses from each of the sim-
ulations. Since the halo mass itself changes as a result of
cosmological and baryonic effects (as we showed in Section
3), this implies that, in general, for a given mass bin we are
not analysing precisely the same haloes in each simulation.
However, we have also examined a versions of Figs. 5 and 6
where we use matched haloes and binned the profiles accord-
ing to the mass from the matched reference ΛCDM model.
In general, the effects are very similar but are slightly more
pronounced in the matched halo plot. For brevity, we do not
include these figures here.
4.2 Convergence radius of relative cosmological
effects
There have been multiple studies which examined the con-
vergence of internal halo properties in numerical simulations
(e.g. Power et al. 2003; Diemand et al. 2004; Navarro et al.
2010; Ludlow et al. 2019), which have shown that 2-body re-
laxation effects impose a lower-limit on the radius to which
one can trust mass profiles of haloes. This was most recently
investigated by Ludlow et al. (2019), who provided a crite-
rion on the number of particles needed below a radius r for
the median mass profiles of a stack of haloes to be converged.
These studies have been extremely useful when inter-
preting gravity-only N-body simulations. It is noteworthy,
however, that they have all been done in the context of a
ΛCDM universe and have focused on the convergence of the
absolute values for the statistics examined. In this study,
we are instead mostly interested in the relative effects on
certain statistics. In particular the ratio of, for example,
the median spherically-averaged density profiles of haloes in
non-standard cosmologies with respect to the result in the
ΛCDM case. For this reason, as an aside, we briefly explore
the convergence of relative cosmological effects. Readers who
are less interested in the convergence properties may wish
to skip ahead to Section 4.3.
To examine the convergence properties, we have run
an additional set of simulations but at lower resolution,
with 5123 particles, mDM,ΛCDM = 1.013 × 107 M h−1,
and  = 500 pc h−1. We compute the density profiles in
32 logarithmically-spaced radial bins, ranging from: −4.5 ≤
log10 (r/R200,crit) ≤ 0 (note that this minimum radius is
smaller than the minimum radius used in the previous sec-
tion, this was chosen to test the ratios to as small a radius
as possible).
The results are shown in Fig. 7, which is set up as fol-
lows: the columns represent two different halo mass bins (in-
dicated in the bottom right corner of the top panel), the left
column corresponds to the smallest mass bin of main FoF
haloes examined in this study. The right column corresponds
roughly to a MW analogue mass window. We look at these
mass bins because, in the case of the former, these haloes
will be most subject to numerical effects, and, in the case of
the latter, because much of the emphasis of testing models of
dark matter have been at MW scales (for obvious reasons).
The rows in this plot correspond to the three different cos-
mological extensions (running, SIDM, WDM), indicated in
the top-right of each right-column panel. We show both the
median spherically-averaged dark matter density profiles for
each cosmology, as well as, below this, the ratios of the me-
dian result taken with respect to the ΛCDM result. We also
plot the median convergence radius calculated using equa-
tion 14 from Ludlow et al. (2019) for the two different ΛCDM
simulations, with their line-styles indicating their resolution.
Similarly to what was done in previous convergence
test studies, we define the convergence radius as the min-
imum radius for which (Rhigh −Rlow) /Rlow ≤ 0.1 is true,
where Rhigh (Rlow) is the ratio in the high-resolution (low-
resolution) simulation of the density profile of a cosmolog-
ical extension with respect to the ΛCDM result. This ra-
dius is shown by the coloured crosses. We also show the
radius to which the absolute values of the density profiles in
the lower-resolution simulations agree to within 10% of the
higher-resolution result (indicated by the open squares).
Focusing first on the left column, it can be seen that in
the case of the cosmologies with either a running spectral
index or WDM species, that the ratios are converged with
the result in the higher-resolution simulation to the smallest
possible radius calculable in the lower-resolution simulation.
If one focuses on the region between the two vertical lines,
where we still trust the absolute value of the density profiles
in the higher-resolution simulation, it can be seen that the
ratio of the lower-resolution simulations agree extremely well
with that in the higher-resolution result. This result is also
echoed in the right column, but the ratios are more subject
to shot noise due to the fewer number of haloes in this bin
used to take a median.
However, this trend breaks in the case of the SIDM
cosmologies, which may not be surprising due to the fact
that cores develop in the inner regions due to physical
processes and not just numerical two-body relaxation ef-
fects. In the case of the left column and for the cosmol-
ogy with the larger cross-section for interaction, it can be
seen that the lower-resolution simulation fails to capture
both the core-formation due to SIDM (and the resulting
density excess at slightly larger radii), which is resolved in
the higher-resolution simulation. On the other hand, in the
right-column the result is reversed relative to the other cos-
mologies. Here the absolute density profiles agree all the
way to the inner-most radial bin in the case of the lower-
resolution simulation, whereas the ratio is converged to the
calculated convergence radius. We speculate that the rea-
son for this is that the energy exchange due to the parti-
cle collisions is far larger than the small changes in energy
due to two-body relaxation. As such, the core formed due
to these particles collisions dominates that induced due to
discrete sampling effects. The reason the ratio is not con-
verged as well is because the core is now converged to the
higher-resolution result, whereas there is an artificial core
induced in the ΛCDM result. Consequently, the suppression
in the ratio underestimates the core for the lower-resolution
simulation.
These results are interesting and motivate us to exam-
ine the ratios below the convergence radius of Ludlow et al.
(2019) calculated for these simulations. For the case of SIDM
cosmologies, this strategy may result in a slight underesti-
mation of the actual (relative) effects present, as explained
above.
Furthermore, these results show that when studying the
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Figure 7. Comparison of the convergence of median spherically-averaged dark matter density profiles to the convergence of their
ratios with respect to a ΛCDM cosmology. Columns are separated into different mass bins: Left are haloes in the mass range 10 ≤
log10
(
M200,crit [M]
)
< 10.58, right are haloes in the mass range 11.75 ≤ log10
(
M200,crit [M]
)
< 12.33. The different rows show the
results for different cosmological extensions: top – running spectral index, middle – SIDM, bottom – WDM. Panels below the absolute
density profiles show the ratios with respect to the result in the ΛCDM cosmology. Crosses show the radius at which the ratios diverge by
greater than 10% relative to the higher resolution simulation. Hollow squares represent the radius at which the absolute density profiles
diverge by greater than 10%. The veritcal solid and dashed lines show the median Ludlow et al. (2019) convergence radius for the ΛCDM
cosmology in that mass bin, for the different tiers of resolution.
effects of cosmological extensions on quantities such as the
density profiles and circular velocity profiles, it may be pos-
sible to run a single high-resolution ΛCDM simulation and
use the ratios from interesting cosmological extensions run
at considerably lower resolution as a multiplicative adjust-
ment to the high-resolution simulation. This approach can
potentially save a great deal of computational expense.
4.3 Radial distribution of subhaloes
So far we have focused on the effects that cosmological vari-
ations or baryons have on the matter distribution in host
haloes. We turn now to the effects on the subhaloes that
exist within these host haloes. In particular, we show in
Fig. 8 the median radial number density of subhaloes as
a function of host halo mass. Note that we only include
subhaloes which satisfy our Vmax (> 15 km s
−1) and Msub
(> 5 × 108 M h−1) convergence criteria. We normalise
the resultant value in each mass bin, for each cosmology,
by the average number density of subhaloes inside R200,crit
calculated for the reference cosmology. The bottom panels
show the results when normalised to the reference ΛCDM
cosmology in that mass bin.
It can be seen that the largest effect in all mass bins
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Figure 8. The stacked median spherically-averaged radial number density of all satellite subhaloes identified by the SUBFIND algorithm
with a mass > 5 × 108 M h−1, and Vmax > 15 km s−1 inside host haloes in different mass ranges (indicated in the top right-hand
corner of each panel). The result in each panel is normalised with respect to the average number density of subhaloes inside R200,crit for
that mass bin, in the reference cosmology. The bottom panel(s) below each plot show the result normalised with respect to the median
result in the reference cosmology.
comes from the cosmology with the lightest WDM mass.
This makes sense, as this model has the largest suppression
of the SMF (particularly at the low-mass end, which will
dominate the signal seen here due to the steepness of the
SMF). Adopting a 2.5 (5 keV) WDM particle mass, we see
a 40% (20%) suppression in the number density of subhaloes,
which is roughly independent of distance from the centre of
the host halo (this is in agreement with, for example, the
suppression seen in the number of satellites in Lovell et al.
2017b).
A similar effect is seen in the cosmology which has a
negative running, in that, for all mass bins there is a sup-
pression at all radii compared with the result in the standard
cosmology. The magnitude of the suppression in the num-
ber density (≈ 20% in this case) is similar to that seen for
the 5 keV WDM model. Conversely, for the positive-running
cosmology, there does not appear to be much of an effect rel-
ative to the reference cosmology, with there being only a very
mild hint of an enhancement in the number of subhaloes at
all radii in the larger mass bins.
Examining the result for the SIDM cosmologies, in the
σ/m = 0.1 cm2 g−1 cross-section there appears to be no dis-
cernible effect in any of the mass bins. When examining the
more extreme SIDM model, there is also little to no effect
in the low mass bins. However, at the high-mass end it can
be seen that there is a clear suppression in the number den-
sity of subhaloes in the inner regions of these haloes, which
increases with increasing host halo mass and with decreas-
ing distance to the centre of the host halo. As discussed in
Section 3, this effect is the result of heat transfer (the dark
matter equivalent of thermal evaporation) due to scattering
between ‘hot’ host dark matter particles and ‘cooler’ sub-
halo/satellite particles. This effect happens in conjunction
with enhanced tidal stripping, due to the cored density pro-
files of these subhaloes (Pen˜arrubia et al. 2010). This effect
was previously observed in Vogelsberger et al. (2012) for a
MW-type halo (see also Nadler et al. 2020a; Banerjee et al.
2020).
These results are interesting as they show that, in the
case of the WDM cosmologies, there is an almost systematic
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suppression in the number density of subhaloes as a function
of radius in all mass bins. This means that, in principle, a
technique where one simply counts the total number of sub-
haloes (satellite galaxies) could be used to rule out the most
extreme WDM models, which as discussed in Section 2, is a
technique already being used to place constraints on WDM
masses (e.g. Lovell et al. 2014). However, this is slightly more
complicated in the case of the less extreme WDM model, as
this plot shows that the effects present in a cosmology with
a negative running of the spectral index are highly degener-
ate to those in this WDM cosmology8. As such, it would be
potentially difficult to disentangle these two effects through
this type of observation alone. However, going back to the
density and circular velocity profiles of the haloes which host
these satellites, there are more apparent differences in the
underlying matter distribution which could then be used
to differentiate these two cosmologies. Similarly, in the case
of the most extreme SIDM cosmology, counting subhaloes
could also potentially be used to constrain these models, in
that for high-mass haloes, there appears to be a clear ra-
dial dependence in the suppression of the number density
of subhaloes. This is a result which is unique among the
cosmological extensions examined here. It is worth noting,
however, that these are the signals predicted in the absence
of baryonic physics. Including baryonic effects may modify
many of these signatures (e.g. Richings et al. 2020), making
potential constraints with these observations more difficult.
We can get a sense of the potential impact of baryons
by examining the hydrodynamical simulations. For EAGLE,
there is a suppression in the number density of subhaloes at
virtually all radii and across all mass bins. We speculate that
this suppression is due not only to change in subhalo mass
and maximum circular velocity, but is also a result of the
central region of the host halo being considerably more dense
(due to stars and associated contraction of the dark matter),
which will result in enhanced tidal stripping of the satellites
in the hydrodynamical simulations (see e.g. Samuel et al.
2020). The baryonic effects are therefore similar to those
seen for almost all the cosmological extensions explored here
(with the exception of the positive-running cosmology). This
is also true for the ARTEMIS simulations (lower-left panel of
the plot), which shows an almost systematic suppression in
the number density of subhaloes. It does appear however
that there is a slight radial dependence to this suppression
(which is also hinted at in the EAGLE result).
4.4 Concentration–mass relation
The concentration–mass relation is of particular interest as
it has been shown through cosmological simulations that
the inner density profiles of haloes are representative of
the conditions of the Universe at the formation time of the
halo, at least in a ΛCDM model. This result (illustrated by
Navarro et al. 1996 for example, but confirmed by many ad-
ditional studies), implies that low-mass haloes, which form
first, have a higher central concentration than higher-mass
haloes, which tend to assemble most of their mass late on.
8 Note that even the more extreme WDM model could effectively
masquerade as a less extreme one if one also invokes a positive
running scalar spectral index.
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Figure 9. Top: the concentration-mass relation computed for
stacks of host haloes in the mass range 9.81 ≤ M200,crit/M ≤
13.0 for each cosmology at z = 0. The haloes are stacked into 9
equally spaced logarithmic mass bins. The concentration parame-
ter is calculated for each stack by computing the logarithmic slope
of the stacked density profile, and finding the radius for which this
value is equal to -2. Bottom: the c–M relation normalised with
respect to the result in the reference simulation. The red crosses
corresponds to the empirical relation found in Dutton & Maccio`
(2014); with the dashed red line corresponding to this relation,
with the parameters tuned to best-fit the reference simulation in
this suite.
This is just due to the fact that low-mass haloes formed at a
redshift when the mean density of the universe was higher.
It has also been shown that the concentration of low-
mass haloes is affected in a WDM cosmology (e.g. Eke et al.
2001; Bode et al. 2001; Avila-Reese et al. 2001; Schneider
2015; Ludlow et al. 2016), with lower-mass haloes having
lower-concentrations compared with the corresponding halo
mass CDM haloes, with this difference decreasing with in-
creasing halo mass. Alongside this, it has been shown that
a running scalar spectral index can also alter the c–M rela-
tion of high-mass haloes (Fedeli et al. 2010; Stafford et al.
2020). It has been shown by Despali et al. (2019) that allow-
ing for self-interactions between the dark matter, also tends
to slightly alter the c–M relation. As such, it is interesting
to compare and contrast all of these different models in a
consistent manner to see the relative effects they have on
this important statistic.
It is commonplace when computing the concentration
of a halo to fit a Navarro, Frenk & White (NFW) profile
(Navarro et al. 1996) to the halo (or equivalently an Einasto
profile Einasto 1965). The NFW profile has two free param-
eters: a scale radius and a scale density, or equivalently to
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this, a halo mass and a concentration. The concentration is
defined as c∆ ≡ R∆/rs (rs → r−2 in the case of the Einasto
profile), where ∆ corresponds to a choice of spherical over-
density (which in this study is set equal to 200, with respect
to the critical density) and rs is the scale radius, defined as
the radius where the logarithmic slope of the density profile
is −2.
In this study we take a different approach, as we want to
consistently compare the concentration parameter obtained
as a function of mass for the different cosmologies exam-
ined here. This is not possible using either the Einasto or
NFW forms for the SIDM models, as the SIDM models pro-
duce prominent cores in the dark matter density profiles
(see for example Fig. 5). One could instead use a Burkert
profile (Burkert 1995), which is able to fit the cored-region
in these dark matter haloes. However, this comes at the ex-
pense of poorly fitting the outer regions of SIDM haloes (see
e.g. Rocha et al. 2013) and would also provide a poor fit to
the haloes in the other cosmologies. Therefore, we instead
take a non-parametric approach and numerically evaluate
the logarithmic slope of the computed density profiles using
a 2nd-order Savitzky & Golay (1964) filter, smoothing over
the 7 nearest bins. We then identify the radius for which the
logarithmic slope equals −2. Thus, our non-parametrically
estimated concentration parameter is defined in a way which
is consistent with the standard definition of concentration
using either the NFW or Einasto parametric forms, but it
means the same technique can be applied to all the simula-
tions. To check our method, we have compared the concen-
tration parameter obtained for stacked density profiles in 6
different mass bins using this method to that obtained by
fitting an NFW and Einasto profile to the stacks of haloes
in the reference ΛCDM model. Our method provides consis-
tent concentrations with those estimated using the NFW or
Einasto forms.
We stack haloes with masses between 9.81 ≤
M200,crit/M ≤ 13.0 in 9 equally spaced logarithmic mass
bins, with the lower mass limit being chosen in order to
only include haloes with a minimum of 5000 particles inside
R200,crit. The spherically-averaged dark matter-only density
profiles are computed in 32 logarithmically spaced radial
bins, spanning a radial range: −2.5 ≤ log10(r/R200,crit) ≤ 0,
as in Ludlow et al. (2016).
The resultant c–M relation can be seen in Fig. 9, where
the bottom panels in this plot is the c–M relation for each
cosmology normalised to the result in the reference ΛCDM
simulation. This figure shows that qualitatively lower-mass
haloes are more centrally concentrated, with the concen-
tration steadily declining with increasing halo mass, irre-
spective of the details of cosmology or baryons. However,
there are clear quantitative differences between the indi-
vidual models. For example, as expected, the two differ-
ent WDM models predict the low-mass haloes to be less
centrally-concentrated compared to the standard model re-
sult, with this effect being more extreme for the lighter 2.5
keV model. This cosmology predicts a ≈ 20% suppression in
the concentration levels of 1010 M haloes. This is a similar
level of suppression to that found in previous studies such
as Schneider (2015) and Ludlow et al. (2016), who adopted
similar WDM masses ([3.0, 3.3] keV respectively).
The magnitude of the effect on the c–M relation in
a cosmology with a running spectral index scales with the
magnitude of the running parameter. For example, the cos-
mology with a negative running produces a suppression of
around 10% in the central concentrations of haloes of fixed
mass, with this effect extending over almost the entire mass
range covered in this study. Whereas a positive running cos-
mology does not appear to have much of an effect in this
mass range, confined to the few percent level. These results
extend the trends seen previously in Stafford et al. (2020) to
lower halo masses with, for example, lower mass haloes being
less centrally concentrated in a cosmology with a negative
running spectral index relative to the standard model.
The largest effect seen is in the most extreme SIDM
model, which produces a large increase in the concentration
at fixed mass. There also appears to be a change in slope for
the c–M relation in the more extreme SIDM cosmology, with
the offset between the standard model result and the SIDM
result increasing with increasing mass. Naively, this appears
to be inconsistent with the cores seen in the density profiles
shown earlier (Fig. 5). The increase in the concentration, or
more specifically the decrease in the radius where the log-
arithmic slope equals −2, is a consequence of the enhance-
ment in the density just outside the core. The enhancement
causes the transition radius from a constant density core in
the inner regions of a SIDM halo to an NFW-like logarithmic
slope of -3 in the outer regions to move inwards.
When examining the result in the EAGLE Recal simu-
lation, there appears to be a change in slope for the c–M
relation, compared to the result in the dark matter-only
simulation. In particular the c–M relation in the full hydro-
dynamic simulation is somewhat flatter, in agreement with
that found in Schaller et al. (2015). This is because the de-
crease in M200,crit, seen in Fig. 2, also results in a decrease in
a haloes’ R200,crit. This causes a decrease in concentration,
preferentially at low halo masses.
Previous studies have shown that simple power-laws or
functions are able to describe well the average c–M relation
of haloes over a narrow range in halo masses (e.g. Avila-
Reese et al. 1999; Neto et al. 2007; Duffy et al. 2008; Dutton
& Maccio` 2014; Child et al. 2018). We highlight one such
result here, that by Dutton & Maccio` (2014), who found that
the c–M relation of haloes in a Planck Collaboration XVI
(2014) cosmology is well described by a power-law of the
form:
log10(c) = a+ b log10
(
M
Mpivot [M h−1]
)
, (8)
where a, b are fitting constants, found to be 0.905, -0.101
respectively in Dutton & Maccio` (2014), Mpivot is a reference
mass-scale, set to be 1012 M h−1. We show this result as
red crosses in Fig. 9. We also show an updated fit to our
reference cosmology, which provides best-fitting parameters
a = 0.936, b = -0.132. The reasons for the slight change in
these parameters are two-fold. Firstly, the cosmologies are
slightly different, for example the values for Ωm and σ8 which
the c–M relation is particularly sensitive to (Duffy et al.
2008; Dutton & Maccio` 2014). Also, our method of taking
the logarithmic slope of the median density profile in a mass
bin predicts slightly higher values for the concentration than
what one typically gets when fitting an NFW profile to that
same stack. This is particularly true at low-masses, which is
where the two best-fitting relations differ most.
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5 DISCUSSION AND CONCLUSIONS
In this study we have systematically explored different pro-
posed mechanisms for altering the distribution of matter on
small scales. This includes alterations to the standard model
of cosmology or including baryonic effects within the stan-
dard model (but not yet both simultaneously). These mech-
anisms are motivated in part by apparent tensions between
the standard model and observational data in the local Uni-
verse (see the Introduction).
In terms of the alterations to the standard model, we
consider three scenarios: warm dark matter (WDM), self-
interacting dark matter (SIDM), and a running of the scalar
spectral index of the power spectrum of primordial density
fluctuations. These cosmological alterations come with ad-
ditional free parameters (e.g., WDM particle mass, SIDM
cross-section, value of the running) and we use current ob-
servational constraints to guide our choice of the parameter
values. To characterise the potential role of baryons within
the standard model, we use the high-resolution EAGLE ‘Recal’
run and the ARTEMIS suite of zoom-in simulations of Milky
Way-mass haloes. Using all of the simulations, we compare
and contrast the effects of altering the standard model in
different ways and we frame this within the context of the
potential role of baryons, highlighting potential degeneracies
between the different effects for different observables.
The main findings of our study may be summarised as
follows:
• Baryon physics, WDM, and a running spectral index al-
ter the spherical-overdensity (SO) halo mass function (Fig.
1) in similar ways and are expected to be degenerate if they
are constrained solely using this metric. A cosmology where
the DM is allowed to self-interact (SIDM) is the only cos-
mological extension examined here which has no significant
effect on the SO halo mass function. There are, however,
noticeable effects present when examining the subhalo pop-
ulation in SIDM cosmologies (Fig. 3). Specifically, while the
central subhalo mass function resembles the SO mass func-
tion strongly, the satellite subhalo mass function can be
strongly suppressed, particularly for satellites that are lo-
cated close to the centres of their host halo (Fig. 8). This
effect is plausibly due both to a form of evaporation in which
energetic DM particles from the host halo scatter off satellite
DM particles (and thus unbinding them) and enhanced tidal
stripping as a result of the cored density profiles of SIDM
subhaloes.
• When examining the radial dark matter distribution
within host haloes, WDM and a (negative) running spec-
tral index can behave similarly (Figs. 5, 6). This degeneracy
is only prevalent for haloes with mass . 1011.75 M, how-
ever, with there being no significant suppression in the den-
sity profiles in the WDM cosmologies for haloes with mass
greater than this, but still an ≈ 10% suppression in the inner
regions for the negative running cosmology. The SIDM cos-
mologies produce large cores, strongly distinguishing them
from any of the other cosmological extensions. These results
are echoed in the concentration–mass relation of haloes (Fig.
9). Consistent with previous works, there is a large enhance-
ment in the dark matter density profile for the hydrodynami-
cal simulations, shown both for the EAGLE Recal simulation,
as well as the ARTEMIS zoom-in simulations. Interestingly,
among the cosmological extensions we also find that a posi-
tive running scalar spectral index is able to produce an en-
hancement in the dark matter density profiles relative to the
ΛCDM case, but at a much reduced level (around 10%) for
haloes of mass ≤ 1012.33 M.
• We have shown that for cosmological extensions such as
a running scalar spectral index and WDM, the relative ef-
fects on the density profiles with respect to the standard
model are reliably followed down to significantly smaller
radii than standard ‘convergence’ radii (for absolute quan-
tities) would suggest (Fig. 7). This potentially allows one
to save a great deal of computational expense, by running
only a single ΛCDM simulation at very high resolution and
then using the ratios of cosmological extensions to ΛCDM
from lower-resolution simulations to produce high-resolution
non-standard cosmologies.
• There is a strong degeneracy for the suppression in
the radial distribution of subhaloes in their host haloes for
WDM, running, and hydrodynamical effects (Fig. 8). For
example, the results for the 5.0 keV WDM model are nearly
identical to those with the negative running cosmology. In
the high halo-mass bins (M & 1011.75 M) there is also a
suppression in the number density of subhaloes in the SIDM
cosmology with the larger cross-section for interaction, due
to evaporation of the satellites and enhanced tidal stripping
of cored subhaloes.
The different cosmological extensions explored here are
able to produce large, and potentially measureable effects on
the structure which forms in the Universe. All of the cosmo-
logical extensions examined are within current observational
constraints, and are able to potentially help alleviate some
of the small-scale crises which (may) exist with the standard
model of cosmology. An interesting problem arises, however,
in that some of the models have highly degenerate effects.
As such, when making constraints on these different cos-
mological extensions, it is potentially necessary to combine
probes which examine different aspects of haloes and their
satellite subhaloes in order to break degeneracies between
the different extensions. This is because, in detail, the dif-
ferent extensions do have different mass and radial depen-
dencies which can be exploited to simultaneously constrain
them.
However, it is important to note that this study has
focused on dark matter-only simulations when extending
ΛCDM. We examined the EAGLE ‘Recal’ and ARTEMIS simu-
lations to compare the results from these gravity-only sim-
ulations to those from full hydrodynamical simulations (in
the context of the standard model). We find that baryonic
physics can also be highly degenerate with varying the cos-
mological model. Furthermore, there are inherent differences
in the results predicted by the inclusion of baryonic physics,
due to the uncertainty associated with the subgrid imple-
mentation of this physics. This is highlighted by the differ-
ences present between the ARTEMIS results and the EAGLE
results. Even though these simulations have the same sub-
grid physics implementations, they were calibrated slightly
differently, leading to somewhat different results. While it
is clear that baryonic effects are important, how robust the
predictions are remains an open question. Since feedback ef-
ficiencies cannot be predicted from first principles and must
therefore be calibrated against some set of observable prop-
erties of galaxies (Schaye et al. 2015), there is a danger that
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we may come to erroneous conclusions about the role of
baryons if those calibration observables also depend on cos-
mology.
Thus, given the degeneracies that exist between cosmo-
logical extensions and also that of baryon effects and the un-
certainties inherent to galaxy formation modelling, it seems
the best approach is to simultaneously explore variations to
cosmology and baryon physics, using a multi-observational
probe approach to constrain both. We are adopting such a
strategy in forthcoming work.
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APPENDIX A: CONVERGENCE TESTS
Here we determine the mass and maximum circular veloc-
ity limits for the subhaloes that we include in the statistics
examined in this paper.
We examine the Msub-Vmax relation, shown in Fig. A1,
for two different resolution levels. Following Boylan-Kolchin
et al. (2010), we fit a power-law to this relation of the form:
log10
(
Msub [M h
−1]
)
= 11.04 + 3.38 log10
(
Vmax
100 km s−1
)
,
(A1)
which is shown as crosses in the plot. It can be seen that
the higher-resolution simulations used throughout this study
follow the power-law down to a Vmax ≈ 15 km s−1 (≈
3 × 108 M h−1), before the turn-up indicative of resolu-
tion effects. The same effect is seen in the lower-resolution
simulation, but at a lower value for Vmax ≈ 28 km s−1.
In addition, we plot the subhalo mass function, shown in
Fig. A2, for both centrals and satellites, for two tiers of reso-
lution. Here, we examine at what particle limit does the sub-
halo mass function in the lower-resolution simulation start
to significantly differ from the higher-resolution simulation.
This is illustrated in the bottom panel of this figure, which
shows the ratio of the lower-resolution simulation, with re-
spect to the higher-resolution simulation. We place a con-
servative lower-limit on the number of particles, for which
we deem this quantity to be converged, which is indicated
by the vertical dashed lines, and corresponds to subhaloes
containing at least 200 particles. This corresponds to a mass-
limit of 2.5×108 M h−1. Therefore, throughout this paper,
we only select subhaloes with Msub > 5× 108 M h−1, and
Vmax > 15 km s
−1, satisfying both convergence tests.
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Figure A1. Msub-Vmax relation for subhaloes in simulations ran
at two different resolution levels indicated by colour. These sim-
ulations correspond to the reference cosmology used through this
study. The green crosses correspond to the power-law fit calcu-
lated using equation A1, as done in Boylan-Kolchin et al. (2010).
The vertical dashed lines correspond to the resolution limit for
these simulations, beyond which numerical effects become impor-
tant. The shaded regions show the 16th and 84th percentiles.
As mentioned in the main text, it was shown by Wang
& White (2007) that spurious fragmentation of filaments is a
significant problem in WDM simulations due to discreteness
effects. They derived an empirical mass cut to remove these
spurious objects: Mlim = 10.1ρdk
−2
peak. Where ρ is equal
to the mean density of the universe (Ωmρcrit), d is the mean
inter-particle separation, and kpeak is equal to the maximum
of the dimensionless linear theory matter power spectrum
(∆2(k) = k3P (k)/(2pi2)). Therefore, we show in Fig. A3
the cumulative abundance of haloes above a certain mass
M , with this mass limit shown with a vertical dashed line.
We plot this for both of the WDM models simulated as
part of this study, at two different resolutions, illustrating
the resolution dependence of this effect. The resultant mass-
cut advised is equal to ≈ (0.5, 2) ×108 M h−1 for the
the MWDM = 5.0, 2.5 keV cosmologies respectively. Both
of these mass limits lie below the resolution cut we derived
above. We therefore do not need to make an additional cut
for the WDM simulations.
One additional note worth mentioning here is the ap-
parent lack of spurious haloes in the lower-resolution simula-
tion, which at first sight seems to contradict the expectation
that they should be more prevalent at lower resolution. How-
ever, the reason for this behaviour is that the WDM models
which we explore have a cut-off in their initial matter power
spectrum that results in a sufficiently large kpeak that the
spurious halo mass limit is barely resolved in the lower res-
olution simulation. For example, Mlim corresponds to ≈ 10
(40) particles for the MWDM = 5.0 keV (2.5 keV) model. As
such, the vast majority of these haloes will not be identified
as FoF groups (we require there to be at least 20 particles in
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Figure A2. Top: the subhalo mass function for two different res-
olution tiers (indicated by colour). The solid line corresponds to
this quantity calculated for centrals, with the dashed line corre-
sponding to satellites. Bottom: the above result normalised with
respect to the result in the higher resolution simulation. The ver-
tical dashed line corresponds to the lower-mass limit for each sim-
ulation, calculated using the mass at which the lower-resolution
simulation diverges from the higher-resolution case.
identified FoF groups), which is why the characteristic turn
up in the mass function is not seen for the lower-resolution
simulations.
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Figure A3. Top: cumulative abundance of subhaloes above a
mass M for the different WDM cosmologies, along with the refer-
ence cosmology. Bottom: the above result normalised with respect
to the reference simulation. The vertical dashed lines indicate the
mass cut advocated by Wang & White (2007) for the two different
WDM models.
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